Introduction
============

Anaplastic lymphoma kinase (ALK)-tyrosine kinase inhibitors (TKIs) have superior efficacy to cytotoxic agents ([@B1], [@B2]), ALK-TKIs are commonly used for ALK fusion protein-positive non-small cell lung cancer (NSCLC). Crizotinib was the only drug that had been approved for treatment of ALK-rearranged NSCLC as of 2013. The second-generation ALK-TKIs alectinib and ceritinib are novel, highly selective oral ALK-TKIs that are extremely active in patients with advanced ALK-rearranged NSCLC, including those who experienced disease progression during crizotinib treatment ([@B3], [@B4]).

Interstitial lung disease (ILD) is a rare complication during ALK-TKI treatment. Regarding crizotinib-induced ILD, across 1,397 cases investigated in clinical trials, 34 patients (2.4%) had any-grade ILD, 13 (0.9%) had grade 3 or 4 ILD, and 7 (0.5%) died ([@B5]). Regarding alectinib-induced ILD, 1 patient developed grade 1 ILD in a Phase 1-2 study (n=70) ([@B6]). In clinical studies of ceritinib, ILD/pneumonitis was reported in 2.4% of 925 patients ([@B7]). There have been reports of successful rechallenge therapy with crizotinib or alectinib after the development of ALK-TKI-induced ILD ([@B8], [@B9]). However, there are no previous reports of ILD associated with ceritinib.

To our knowledge, this is the first report to include detailed clinicopathological information on ceritinib-induced ILD.

Case Report
===========

A 40-year-old Japanese man presented to our hospital with pulmonary adenocarcinoma. RNA sequencing revealed the presence of the EML4-ALK fusion protein. When he was diagnosed, he rejected all our recommendations for chemotherapy and received only whole-brain radiation therapy. Six months after the initial diagnosis, he had cardiac tamponade. He received pericardiocentesis and agreed to start chemotherapy. Crizotinib and alectinib were administered as first- and second-line treatments, respectively. We selected ceritinib (750 mg, once daily) as a third-line treatment. Although treatment was discontinued once due to leukocytoclastic vasculitis, we continued ceritinib with strict follow-up observation ([@B10]). At nine months after the initiation of ceritinib, progressive disease was detected. Carboplatin, pemetrexed and bevacizumab therapy were administered as a fourth-line treatment. After chemotherapy, the patient developed aspergillosis. Chemotherapy was discontinued, and antifungal medication (Voriconazole) was administered.

As the disease progressed (brain metastasis), the patient expressed his wish to retry ceritinib treatment. Because of aspergillosis, we were hesitant to administer cytotoxic chemotherapy. During the previous treatments, crizotinib had induced nausea, alectinib had induced liver dysfunction, and ceritinib had induced leukocytoclastic vasculitis. However, when the patient had been administered ceritinib, his brain metastasis and leukocytoclastic vasculitis had been able to be controlled. We therefore performed a rechallenge with ceritinib as a fifth-line treatment ([Fig. 1](#g001){ref-type="fig"}).

![The patient's major chemotherapy history until the onset of interstitial lung disease (ILD). We treated the patient with ALK-TKIs for 1,010 days. Among these agents, ceritinib was used for 265 days. Subsequently, there was a period when chemotherapy could not be administered because of aspergillosis. We decided to perform rechallenge with ceritinib as a fifth-line treatment. Numbers in brackets show the durations of treatments. ALK-TKI: anaplastic lymphoma kinase- tyrosine kinase inhibitor, CBCDA: carboplatin, Pem: pemetrexed, Beva: bevacizumab](1349-7235-59-0253-g001){#g001}

Voriconazole was discontinued on day 28 after the rechallenge due to liver dysfunction. On day 49 after the rechallenge, we discontinued ceritinib due to the development of liver dysfunction. The patient\'s serum levels were as follows: T-Bil (0.5 mg/dL), AST (336 IU/L), ALT (456 IU/L), ALP (346 IU/L), and γ-GTP (170 IU/L). On day 54 after rechallenge, the patient developed acutely deteriorating dyspnea without demonstrable infection. Chest computed tomography (CT) showed extensive ground-glass opacities throughout the left lung ([Fig. 2A](#g002){ref-type="fig"}). A laboratory analysis revealed the following findings: LDH, 394 IU/L; KL-6, 312 U/mL; and SP-D, 244.0 ng/mL. Methylprednisolone pulse therapy (1 g once per day for 3 days) was thus initiated. By day 4 after admission, the patient\'s respiratory status had begun to improve. After day 4 of prednisolone (60 mg per day) treatment, methylprednisolone pulse therapy was performed a second time. Subsequently, his imaging findings and serum levels of KL-6, SP-D, and LDH gradually improved ([Fig. 2B](#g002){ref-type="fig"}). The hepatic dysfunction also recovered to normal values on the 15th day after discontinuing ceritinib (64 days after rechallenge) ([Fig. 3](#g003){ref-type="fig"}). By day 15 after admission, oxygen became unnecessary. The steroid dose was gradually tapered, while ceritinib was kept withdrawn. Flexible bronchoscopy revealed no evidence of microorganisms, fungi, *Pneumocystis jirovecii*, or malignancy. The echocardiography findings showed a normal cardiac function. We diagnosed him with ceritinib-induced interstitial lung disease (ILD). By day 17 after admission, he was discharged from our hospital. He died due to exacerbation of brain metastasis, but no recurrence of ILD was detected.

![The chest computed tomography findings. Chest computed tomography on day 54 after the start of rechallenge therapy revealed interstitial lung disease (A). On day 15 after admission, the ground-glass opacities gradually improved (B).](1349-7235-59-0253-g002){#g002}

![Transition of liver dysfunction and drug use history. The day of rechallenge of ceritinib is considered to be day 0. Although the liver function was normal when voriconazole was used alone, liver dysfunction was observed on day 28 when voriconazole was used in combination with ceritinib. We discontinued voriconazole administration, but his liver dysfunction worsened, and ceritinib was discontinued as well on day 49. Withdrawal of ceritinib improved the liver dysfunction, but interstitial lung disease (ILD) developed. The liver function normalized at day 64.](1349-7235-59-0253-g003){#g003}

Discussion
==========

This is, to our knowledge, the first report of ceritinib-induced ILD due to rechallenge therapy. The radiological patterns of drug-induced ILD can be divided into five main types: diffuse alveolar damage (DAD), hypersensitivity reaction, nonspecific interstitial pneumonia, organizing pneumonia (OP), and eosinophilic pneumonia ([@B11]). In the present case, at the time of the rechallenge, the diffuse ground-grass attenuation of dorsal side advantage DAD pattern was observed. DAD is subdivided into exudative, organizing, and fibrotic phases. This case had an early-stage DAD pattern. Early treatment intervention was successful.

Certain factors have been reported to be associated with an increased risk or the occurrence of drug-induced lung injury. Nonspecific risk factors include existing pulmonary lesions (interstitial pneumonia in particular), age \>60 years old, a poor respiratory function, a history of pulmonary surgery, the administration of oxygen, irradiation to the lungs, and the presence of renal impairment ([@B12], [@B13]). A decreased kidney function is also a risk factor in the sense that it increases the blood concentration of the drug.

One possible reason for the development of severe interstitial pneumonia was the increasing blood concentration of ceritinib. Renal excretion is as low as 1.3%, and ceritinib is thought to be eliminated from the liver mainly by metabolism and bile excretion. In patients with liver dysfunction the metabolism of ceritinib may be decreased, which would increase exposure ([@B7]). Regarding drug interactions, CYP3A is a major metabolic enzyme involved in the metabolism of ceritinib, so its maximum concentration and area under the blood concentration-time curve are increased by CYP3A inhibitors (e.g., ketoconazole). Voriconazole, which was resumed with the withdrawal of ceritinib, has a strong inhibitory action on CYP3A. The ceritinib concentration may have been sharply increased by liver dysfunction and the combination of voriconazole.

Epidermal growth factor receptor (EGFR)-TKIs (gefitinib and erlotinib) in advanced NSCLC significantly increase the risk of developing both all-grade and fatal ILD events ([@B14]). The use of ALK-TKIs also significantly increases the risk of developing high-grade ILD ([@B15]). At present, the specific mechanism underlying TKI-induced ILD is unclear. A previous study found that the EGFR signaling pathway was associated with the repair of airway epithelial cells. The inhibition of such repair signaling leads to prolonged inflammation, potentiating acute lung injury ([@B16]). However, despite these findings concerning EGFR-TKI-induced ILD, the mechanism underlying ALK-TKI-induced ILD remains unclear.

As a limitation associated with this case, we were unable to perform a lung biopsy because the right lung was not functioning sufficiently due to cancer and aspergillosis. Regarding the differential diagnosis of the chest CT findings, the bronchoalveolar lavage fluid was negative for infection, including fungal and *P. jirovecii*. The possibility of virus infection was deemed to be low because there were no symptoms of lower respiratory infection. In addition, the possibility of cardiogenic pulmonary edema was excluded based on the echocardiography findings showing a normal left ventricular systolic and diastolic function. For the treatment, in addition to steroid therapy, we used tazobactam/piperacillin only for the first three days, and no diuretics or antiviral drugs were required. Voriconazole was continued, and ceritinib was the only medication discontinued during ILD treatment.

In conclusion, just because the initial treatment is successful does not mean that rechallenge will also be successful. Careful follow-up observation is necessary when using drugs that are associated with concerns of drug interactions.
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